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Abstract. The nonbaryonic dark matter of the Universe is assumed to consist of new stable particles. A specific case is 
possible, when new stable particles bear ordinary electric charge and bind in heavy "atoms" by ordinary Coulomb interaction. 
Such possibility is severely restricted by the constraints on anomalous isotopes of light elements that form positively charged 
heavy species with ordinary electrons. The trouble is avoided, if stable particles X^^ with charge -2 are in excess over their 
antiparticles (with charge +2) and there are no stable particles with charges +1 and -1. Then primordial helium, formed in 
Big Bang Nucleosynthesis, captures all X in neutral "atoms" of 0-helium (OHe), thus creating a specific Warmer than 
Cold nuclear-interacting composite dark matter In the Galaxy, destruction of OHe and acceleration of free X can result in 
anomalous component of cosmic rays. Collisions of OHe atoms in the central part of Galaxy results in their excitation with 
successive emission of electron-positron pairs, what can explain excessive radiation of positron annihilation line, observed by 
INTEGRAL. Slowed down in the terrestrial matter, OHe is elusive for direct methods of underground dark matter detection 
based on the search for effects of nuclear recoil in WIMP-nucleus collisions. However OHe-nucleus interaction leads to their 
binding and in OHe-Na system the energy of such level can be in the interval of energy 2-4 keV. The concentration of OHe 
in the matter of underground detectors is rapidly adjusted to the incoming flux of cosmic 0-helium. Therefore the rate of 
energy release in radiative capture of Na by OHe should experience annual modulations. It explains the results of DAMA/Nal 
and DAMA/LIBRA experiments. The existence of low energy bound state in OHe-Na system follows from the solution of 
Schrodinger equation for relative motion of nucleus and OHe in a spherically symmetrical potential, formed by the Yukawa tail 
of nuclear scalar isoscalar attraction potential, acting on He beyond the nucleus, and its Coulomb repulsion at distances from 
nuclear surface, smaller than the size of OHe. Within the uncertainties of nuclear physics parameters the values of coupling 
strength and mass of sigma meson, mediating scalar isoscalar nuclear potential, are found, at which the sodium nuclei have a 
few keV binding energy with OHe. Transitions to more energetic levels of Na-l-OHe system imply tunneling through Coulomb 
barrier that leads to suppression of annual modulation of events with MeV-tens MeV energy release in the correspondence 
with the results of DAMA experiments. The puzzles of direct dark matter searches appear in this solution as a reflection of 
nontrivial nuclear physics of OHe. 
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INTRODUCTION 

According to the modern cosmology, the dark matter, coiTesponding to 25% of the total cosmological density, is 
nonbaryonic and consists of new stable particles. One can formulate the set of conditions under which new particles 
can be considered as candidates to dark matter (see e.g. [1, 2, 3] for review and reference): they should be stable, 
saturate the measured dark matter density and decouple from plasma and radiation at least before the beginning of 
matter dominated stage. The easiest way to satisfy these conditions is to involve neutral elementary weakly interacting 
particles. However it is not the only particle physics solution for the dark matter problem and more evolved models 
of self-interacting dark matter are possible. In particular, new stable particles may possess new U(l) gauge charges 
and bind by Coulomb-like forces in composite dark matter species. Such dark atoms would look nonluminous, since 
they radiate invisible light of U(l) photons. In the studies of new particles Primordial Black holes can play the role of 



important theoretical tool (see [4] for review and references), which in particular can provide constraints on particles 
with hidden gauge charges [5]. 

Here we consider composite dark matter scenarios, in which new stable particles have ordinary electric charge, but 
escape experimental discovery, because they are hidden in atom-like states maintaining dark matter of the modem 
Universe. The main problem for these scenarios is to suppress the abundance of positively charged species bound with 
ordinary electrons, which behave as anomalous isotopes of hydrogen or helium. This problem is unresolvable, if the 
model predicts together with positively charged particles stable particles E~ with charge -1, as it is the case for tera- 
electrons [6, 7]. As soon as primordial helium is formed in the Standard Big Bang Nucleosynthesis (SBBN) it captures 
all the free in positively charged (HeE)^ ion, preventing any further suppression of positively charged species. 
Therefore, in order to avoid anomalous isotopes overproduction, stable particles with charge -1 should be absent, so 
that stable negatively charged particles should have charge -2 only. 

Elementary particle frames for heavy stable -2 charged species are provided by: (a) stable "antibaryons" UUU 
formed by anti-t/ quark of fourth generation [8, 9, 10, 11] (b) AC-leptons [11, 12, 13], predicted in the extension 
[12] of standard model, based on the approach of almost-commutative geometry |14|. (c) Technileptons and anti- 
technibaryons [15] in the framework of walking technicolor models (WTC) [16]. (d) Finally, stable charged clusters 
M5M5M5 of (anti)quarks M5 of 5th family can follow from the approach, unifying spins and charges [17]. Since all these 
models also predict corresponding +2 charge antiparticles, cosmological scenario should provide mechanism of their 
suppression, what can naturally take place in the asymmetric case, corresponding to excess of -2 charge species, X . 
Then their positively charged antiparticles can effectively annihilate in the early Universe. 

In all the models, in which new stable species belong to non-trivial representations of electroweak SU(2) group 
sphaleron transitions at high temperatures provide the relationship between baryon asymmetry and excess of -2 charge 
stable species [15, 18, 19, 20]. 

After it is formed in the Standard Big Bang Nucleosynthesis (SBBN), ^He screens the X charged particles in 
composite (^//e++X ) 0-helium "atoms" [9]. For different models of X these "atoms" are also called ANO- 
hehum [10, 11], Ole-hehum [11, 13] or techni-O-helium [15]. We'll call them all O-heUum {OHe) in our further 
discussion, which follows the guidehnes of [19, 20, 21]. 

In all these forms of O-helium, X behaves either as lepton or as specific "heavy quark cluster" with strongly 
suppressed hadronic interaction. Therefore O-helium interaction with matter is determined by nuclear interaction of 
He. These neutral primordial nuclear interacting objects contribute to the modem dark matter density and play the role 
of a nontrivial form of strongly interacting dark matter [22, 23, 24]. 

The active influence of this type of dark matter on nuclear transformations needs special studies and development of 
OHe nuclear physics. It is especially important for quantitative estimation of role of OHe in Big Bang Nucleosynthesis 
and in stellar evolution. This work is under way and its first results support the quaUtative picture of OHe cosmological 
evolution described in [9, 13, 15, 19, 25]. 

Here after a brief review of main features of OHe Universe we concentrate on its effects in underground detectors. 
We qualitatively confirm the earlier guess [9, 18, 19, 20, 21, 26] that the positive results of dark matter searches 
in DAMA/Nal (see for review [27]) and DAMA/LIBRA [28] experiments can be explained by effects of O-helium 
interaction with the matter of underground detectors. 



SOME FEATURES OF O-HELIUM UNIVERSE 

Following [9, 10, 11, 15, 19, 20, 21] consider charge asymmetric case, when excess of X provides effective 
suppression of positively charged species. 

In the period 100s < f < 300 s at 100 keV >T>To= lojH « 60keV, '^He has aheady been formed in the SBBN 
and virtually all free X are trapped by '^He in O-helium "atoms" {^He^^X ). Here the O-helium ionization 
potential is^ 

/„ = zlzl,a^mHe/2 w 1.6MeV, (1) 

where a is the fine stracture constant,Z/f(; = 2 and Zx = 2 stands for the absolute value of electric charge ofX . The 
size of these "atoms" is [9, 13] 

Ro ~ l/{ZxZHeamHe) « 2 • lO'^^cm (2) 



' The account for charge distribution in He nucleus leads to smaller value !„ ^ 1.3MeV [29]. 



Here and further, if not specified otherwise, we use the system of units h = c = k=l. 

0-helium, being an a-particle with screened electric charge, can catalyze nuclear transformations, which can 
influence primordial light element abundance and cause primordial heavy element formation. These effects need a 
special detailed and complicated study. The arguments of [9, 13, 15, 19, 20] indicate that this model does not lead to 
immediate contradictions with the observational data. The conclusions that follow from our first steps in the approach 
to OHe nuclear physics seem to support these arguments. 

Due to nuclear interactions of its helium constituent with nuclei in the cosmic plasma, the O-helium gas is in thermal 
equilibrium with plasma and radiation on the Radiation Dominance (RD) stage, while the energy and momentum 
transfer from plasma is effective. The radiation pressure acting on the plasma is then transferred to density fluctuations 
of the O-heUum gas and transforms them in acoustic waves at scales up to the size of the horizon. 

2/3 

At temperature T <Tod^ 2OO53' eV the energy and momentum transfer from baryons to O-helium is not effective 
[9, 15] because 

nB(av) {mp/mo)t < 1, 
where rrio is the mass of the OHe atom and Sj,=mo/{\- TeV). Here 

(7«(7o-;/r/?^w lO^^^cm^, (3) 

and V = \/2T /mp is the baryon thermal velocity. Then O-helium gas decouples from plasma. It starts to dominate in 
the Universe after ? ~ 10^^ s at T < Trm « 1 eV and O-helium "atoms" play the main dynamical role in the development 
of gravitational instability, triggering the large scale structure formation. The composite nature of O-helium determines 
the specifics of the corresponding dark matter scenario. 

AtT > Trm the total mass of the OHe gas with density = {TRM/T)ptot is equal to 

within the cosmological horizon l/i = t.ln the period of decoupling T = Tg^, this mass depends strongly on the O- 
helium mass S-^ and is given by [15] 

Mo, = - 2 . lO^Vs = 10"53-2Mo, (4) 

where M© is the solar mass. O-helium is formed only at Tg and its total mass within the cosmological horizon in the 
period of its creation is M,, = Mod{Tod/To)^ = 10^^ g. 

On the RD stage before decoupling, the Jeans length Ay of the OHe gas was restricted from below by the propagation 
of sound waves in plasma with a relativistic equation of state p = e/3, being of the order of the cosmological horizon 
and equal to Ay = Ih/V^ = t/V3. After decoupling at T — Tg^, it falls down to A/ ~ Vo?, where Vg = \fTr^^dlnig. 
Though after decoupHng the Jeans mass in the OHe gas correspondingly falls down 

My~vXd~3-10-iX<i, 

one should expect a strong suppression of fluctuations on scales M < Mg, as well as adiabatic damping of sound 
waves in the RD plasma for scales Mg < M < Mgj. It can provide some suppression of small scale structure in the 
considered model for all reasonable masses of O-hehum. The significance of this suppression and its effect on the 
structure formation needs a special study in detailed numerical simulations. In any case, it can not be as strong as the 
free streaming suppression in ordinary Warm Dark Matter (WDM) scenarios, but one can expect that qualitatively we 
deal with Warmer Than Cold Dark Matter model. 

Being decoupled from baryonic matter, the OHe gas does not follow the formation of baryonic astrophysical objects 
(stars, planets, molecular clouds...) and forms dark matter halos of galaxies. It can be easily seen that O-helium gas is 
collisionless for its number density, saturating galactic dark matter. Taking the average density of baryonic matter one 
can also find that the Galaxy as a whole is transparent for O-heUum in spite of its nuclear interaction. Only individual 
baryonic objects like stars and planets are opaque for it. 



SIGNATURES OF O-HELIUM DARK MATTER IN THE GALAXY 



The composite nature of O-helium dark matter results in a number of observable effects, which we briefly discuss 
following [19]. 



Anomalous component of cosmic rays 

O-hehum atoms can be destroyed in astrophysical processes, giving rise to acceleration of free X in the Galaxy. 

O-helium can be ionized due to nuclear interaction with cosmic rays [9, 21]. Estimations [9, 30] show that for 
the number density of cosmic rays ricR = 10^^ cm^^ during the age of Galaxy a fraction of about 10^^ of total 
amount of OHe is disrupted irreversibly, since the inverse effect of recombination of free X is negligible. Near 
the Solar system it leads to concentration of free X nx = 3- 10~^'^>S'^'cm~^. After OHe destruction free X 

have momentum of order px = V2 • Mx ■ lo — 2GeV53''^ and velocity v/c = 2 • lO^^^j and due to effect of Solar 
modulation these particles initially can hardly reach Earth [18, 30]. Their acceleration by Fermi mechanism or by the 
collective acceleration forms power spectrum of X component at the level of X / p ^ nx/ng = ?>- 10~^''5'^\ where 
fig^ I cvoT^ is the density of baryonic matter gas. 

At the stage of red supergiant stars have the size ~ lO'^cm and during the period of this stages 3 • lO'^s, up 
to ~ 10~^5^^ of O-helium atoms per nucleon can be captured [18, 30]. In the Supernova explosion these OHe 
atoms are disrupted in collisions with particles in the front of shock wave and acceleration of free X by regular 
mechanism gives the corresponding fraction in cosmic rays. However, this picture needs detailed analysis, based on 
the development of OHe nuclear physics and numerical studies of OHe evolution in the stellar matter. 

If these mechanisms of X acceleration are effective, the anomalous low Z/A component of —2 charged X can 
be present in cosmic rays at the level X/p ~ nx/iig ~ lO^^Sj \ and be within the reach for PAMELA and AMS02 
cosmic ray experiments. 

In the framework of Walking Tachnicolor model the excess of both stable X and 7++ is possible [18], the 
latter being two-three orders of magnitude smaller, than the former. It leads to the two-component composite dark 
matter scenario with the dominant OHe accompanied by a subdominant WIMP-like component of {X 7++) bound 
systems. Technibaryons and technileptons can be metastable and decays of X and 7++ can provide explanation for 
anomalies, observed in high energy cosmic positron spectrum by PAMELA and in high energy electron spectrum by 
FERMI and ATIC. 



Positron annihilation and gamma lines in galactic bulge 

Inelastic interaction of O-hehum with the matter in the interstellar space and its de-excitation can give rise to 
radiation in the range from few ke V to few MeV. In the galactic bulge with radius ~ 1 kpc the number density 
of O-helium can reach the value n,, « 3 • 10^^/53 cm~^ and the coUision rate of O-hehum in this central region was 
estimated in [21]: dN/dt = n^cjv/,47rr^/3 « 3 • 10'*^5'^^s~^ At the velocity of v/, ~ 3 • lO^cm/s energy transfer in 
such collisions is AE ^ IMeVSi. These collisions can lead to excitation of O-helium. If 2S level is excited, pair 
production dominates over two-photon channel in the de-excitation by £0 transition and positron production with the 
rate 3 • \Q*^S^^%~^ is not accompanied by strong gamma signal. According to [31] this rate of positron production 
for ^3 ^ 1 is sufficient to explain the excess in positron annihilation line from bulge, measured by INTEGRAL (see 
[32] for review and references). If OHe levels with nonzero orbital momentum are excited, gamma lines should be 
observed from transitions (n > m) Enm = 1.598MeV(l /ni} — 1 /n^) (or from the similar transitions corresponding to 
the case /<, = 1.287MeV) at the level 3 • \Q-%^{cm^sM&yster)-\ 

O-HELIUJVI IN THE TERRESTRIAL JVIATTER 

The evident consequence of the O-helium dark matter is its inevitable presence in the terrestrial matter, which appears 
opaque to O-hehum and stores aU its in-falling flux. 

Such neutral (^//e++X ) "atoms" may provide a catalysis of cold nuclear reactions in ordinary matter (much 
more effectively than muon catalysis). This effect needs a special and thorough investigation. On the other hand, X 



capture by nuclei, heavier than helium, can lead to production of anomalous isotopes, but the arguments, presented in 
[9, 13, 15] indicate that their abundance should be below the experimental upper limits. 

It should be noted that the nuclear cross section of the O-helium interaction with matter escapes the severe 
constraints [23] on strongly interacting dark matter particles (SIMPs) [22, 23] imposed by the XQC experiment [24]. 
Therefore, a special strategy of direct O-helium search is needed, as it was proposed in [33]. 

After they fall down terrestrial surface the in-falling OHe particles are effectively slowed down due to elastic 
collisions with matter. Then they drift, sinking down towards the center of the Earth with velocity 

y = — ftiSO^aA'/^cm/s. (5) 
nav 

Here A ^ 30 is the average atomic weight in terrestrial surface matter, n = 2.4 • /A is the number of terrestrial 
atomic nuclei, (7v is the rate of nuclear collisions and g = 980 cm/ s^. 

Near the Earth's surface, the O-helium abundance is determined by the equilibrium between the in-falUng and 
down-drifting fluxes. 

The in-falling O-helium flux from dark matter halo is 

where V/,-speed of Solar System (220 km/s), Vg-speed of Earth (29.5 km/s) and no = 3 • 10~'^5^' cm~^ is the local 
density of O-helium dark matter. Here, for qualitative estimation, we don't take into account velocity dispersion and 
distribution of particles in the incoming flux that can lead to significant effect. 

At a depth L below the Earth's surface, the drift timescale is t^r ~ L/V, where V 400^3 cm/ s is given by Eq. (5). 
It means that the change of the incoming flux, caused by the motion of the Earth along its orbit, should lead at the 
depth L ~ 10^ cm to the corresponding change in the equilibrium underground concentration of OHe on the timescale 

In underground detectors, OHe "atoms" are slowed down to thermal energies and give rise to energy transfer 
2.5 • 10~'*eVA/53, far below the threshold for direct dark matter detection. It makes this form of dark matter 

insensitive to the severe CDMS [34] and XENON 100 constraints [35]. However, OHe reactions with the matter of 

underground detectors can lead to observable effects. 

The equiUbrium concentration, which is estabUshed in the matter of underground detectors, is given by 

rioE = = • sin{co{t - to)), (6) 

where (0 = 2n/T, T = lyr and to is the phase. The averaged concentration is given by 



and the annual modulation of concentration is characterized by 

= ^^Ve (8) 

The rate of nuclear reactions of OHe with nuclei is proportional to the local concentration and the energy release in 
these reactions should lead to observable signal. There are two parts of the signal: the one determined by the constant 
part and annual modulation, which is concerned by the strategy of dark matter search in DAMA experiment [28]. 



LOW ENERGY BOUND STATE OF O-HELIUIM WITH NUCLEI 

Our explanation [19, 20, 26] of the results of DAMA/Nal or DAMA/LIBRA experiments is based on the idea that 
OHe, slowed down in the matter of detector, can form a few keV bound state with nucleus, in which OHe is situated 
beyond the nucleus. Therefore the positive result of these experiments is explained by reaction 



A + CHe++X—) [ACHe++X—)] + j 



(9) 



with nuclei in DAMA detector. In our earlier studies 1 19, 20, 26] the conditions were found, under which both sodium 
and iodine nuclei have a few keV bound states with OHe, explaining the results of DAMA experiments by OHe 
radiative capture to these levels. Here we extend the set of our solutions by the case, when the results of DAMA 
experiment can be explained by radiative OHe capture by sodium only and there are no such bound states with iodine 
andTl. 



Low energy bound state of O-helium with nuclei 

Schroedinger equation for OHe-nucleus system is reduced (taking apart the equation for the center of mass) to the 
equation of relative motion for the reduced mass 

Am„mn 

m= ^ , (10) 

Anip + m,, 

where nip is the mass of proton and ~ Mx + Anip is the mass of OHe. Since mg ~ Mx » Anip, center of mass of 
Ohe-nucleus system approximately coincides with the position of X . 
In the case of orbital momentum 1=0 the wave functions depend only on r. 

The approach of [19, 20, 26, 36, 37, 38] assumes the following picture: at the distances larger, than its size, OHe is 
neutral, being only the source of a Coulomb field of X screened by He shell 

ZxZa-Fx(r) 

Uc = — (11) 

r 

where Zx = —2 is the charge of X , Z is charge of nucleus, Fx{r) = (1 + r / r„)exp{—2r / r„) is the screening factor 
of Coulomb potential (see e.g. [39]) of X and is the size of OHe. Owing to the negative sign of Zx = —2, this 
potential provides attraction of nucleus to OHe. 

Then helium shell of OHe starts to feel Yukawa exponential tail of attraction of nucleus to He due to scalar-isoscalar 
nuclear potential. It should be noted that scalar-isoscalar nature of He nucleus excludes its nuclear interaction due to 
n OT p meson exchange, so that the main role in its nuclear interaction outside the nucleus plays a meson exchange, 
on which nuclear physics data are not very definite. The nuclear potential depends on the relative distance between He 
and nucleus and we take it in the form 

^^^_AHeAg'exp{-fi\r-p\)_ ^^^^ 

Here r is radius vector to nucleus, p is the radius vector to He in OHe, Ane = 4 is atomic weight of helium, A is atomic 
weight of nucleus, jj. and are the mass and coupling of G meson - mediator of nuclear attraction. 

Strictly speaking, starting from this point we should deal with a three-body problem for the system of He, nucleus 
and X and the correct quantum mechanical description should be based on the cyUndrical and not spherical 
symmetry. In the present work we use the approximation of spherical symmetry and take into account nuclear attraction 
beyond the nucleus in a two different ways: 1) nuclear attraction doesn't influence the structure of OHe, so that the 
Yukawa potential (12) is averaged over |p| for spherically symmetric wave function of He shell in OHe; 2) nuclear 
attraction changes the structure of OHe so that He takes the position |p | = r,,, which is most close to the nucleus. Due 
to strong attraction of He by the nucleus the second case (which is labeled "b" in successive numerical calculations) 
seems more probable. In the lack of the exact solution of the problem we present both the results, corresponding to the 
first case (which are labeled "m" in successive numerical calculations), and to the second case (which is labeled "b") 
in order to demonstrate high sensitivity of the numerical results to choice of parameters. 

In the both cases nuclear attraction results in the polarization of OHe and the mutual attraction of nucleus and OHe 
is changed by Coulomb repulsion of He shell. Taking into account Coulomb attraction of nucleus by X one obtains 
dipole Coulomb barrier of the form 

t/. = ^^4^. (13) 

When helium is completely merged with the nucleus the interaction is reduced to the oscillatory potential (14) of 
X with homogeneously charged merged nucleus with the charge Z + 2, given by 

3 (Z + 2)Z^ 1 ^Z + 2)Z^ 1/2 
^'"=2^ R R\A+4)mpR> ^^^^ 




To simplify the solution of Schroedinger equation we approximate the potentials (ll)-(14)by a rectangular potential 
that consists of a potential well with the depth Ui at r < c = R, where R is the radius of nucleus, of a rectangular dipole 
Coulomb potential barrier U2 at R < r < a — R + + r/,^,, where r/,^ is radius of helium nucleus, and of the outer 
potential well t/3, formed by the Yukawa nuclear interaction (12) and residual Coulomb interaction (11). The values 
of U\ and U2 were obtained by the averaging of the (14) and (13) in the corresponding regions, while U3, was equal 
to the value of the nuclear potential (12) at r = a and the width of this outer rectangular well (position of the point b) 
was obtained by the integral of the sum of potentials (12) and (11) from a to °o. It leads to the approximate potential, 
presented on Fig. 1. 

Solutions of Schroedinger equation for each of the four regions, indicated on Fig. 1, are given in textbooks (see 
e.g. [39]) and their sewing determines the condition, under which a low-energy OHe-nucleus bound state appears in 
the region III. 

The energy of this bound state and its existence strongly depend on the parameters n and of nuclear potential 
(12). On the Fig. 2 the regions of these parameters, giving 4 keV energy level in OHe bound state with sodium are 
presented. Radiative capture to this level can explain results of DAMA/Nal and DAMA/LIBRA experiments with the 
account for their energy resolution [40]. The lower shaded region on Fig. 2 corresponds to the case of nuclear Yukawa 
potential U^,„, averaged over the orbit of He in OHe, while the upper region corresponds to the case of nuclear Yukawa 
potential U31, with the position of He most close to the nucleus at p = r^.The result is also sensitive to the precise 
value of do, which determines the size of nuclei R — dgA^^^. The two narrow strips in each region correspond to the 
experimentally most probable value do — 1. 2/ (200 Me V). In these calculations the mass of OHe was taken equal to 
nio = ITeV, however the results weakly depend on the value of nio > ITeV. 

It is interesting that the values of jJ. on Fig. 2 are compatible with the results of recent experimental measurements 
of mass of sigma meson (jj. ^ 404 MeV) [41]. 

The rate of radiative capture of OHe by nuclei can be calculated [19, 20] with the use of the analogy with the 
radiative capture of neutron by proton with the account for: i) absence of Ml transition that follows from conservation 
of orbital momentum and ii) suppression of El transition in the case of OHe. Since OHe is isoscalar, isovector El 
transition can take place in OHe-nucleus system only due to effect of isospin nonconservation, which can be measured 
by the factor / = (m„ — mp)/mN w 1 .4 • 10^^, corresponding to the difference of mass of neutron,m„, and proton,mp, 
relative to the mass of nucleon, 111^. In the result the rate of OHe radiative capture by nucleus with atomic number A 
and charge Z to the energy level E in the medium with temperature T is given by 

fna 3 ,Z,2 T 
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FIGURE 2. The region of parameters fl and g^, for which Na-OHe system has a level in the interval 4 keV. Two lines determine 
at do = 1. 2/(200 MeV) the region of parameters, at which the bound system of this element with OHe has a 4 keV level. In the 
region between the two strips the energy of level is below 4 keV. There are also indicated the range of g^/fl^ (dashed lines) as well 
as their preferred values (thin lines) determined in [42] from parametrization of the relativistic (cT — £0) model for nuclear matter. 
The uncertainty in the determination of parameter 1.15/(200 MeV) < dg < 1.3/ (200 MeV) results in the uncertainty of /i and g- 
shown by the shaded regions surrounding the lines. The case of nuclear Yukawa potential t/3,,,, averaged over the orbit of He in 
OHe, corresponds to the lower lines and shaded region, while the upper lines and shaded region around them illustrate the case of 
nuclear Yukawa potential Uj,i, with the position of He most close to the nucleus at p = Tq. 



Formation of OHe-nucleus bound system leads to energy release of its binding energy, detected as ionization signal. 
In the context of our approach the existence of annual modulations of this signal in the range 2-6 keV and absence 
of such effect at energies above 6 keV means that binding energy of Na-OHe system in DAMA experiment should 
not exceed 6 keV, being in the range 2-4 keV. The amplitude of annual modulation of ionization signal (measured in 
counts per day per kg, cpd/kg) is given by 

3Ka-noNAVEtQ f ^Z,y T ^Zj^^ T ^^^^ 

640\/2A,^,/^^(A/+Aa,„) ^3OTp Ai ^AinipEi '5^ A,- ^AmpEi ' 

Here Na is Avogadro number, / denotes Na, for which numerical factor a, = 4.3 • lO'", Q — 10^ (corresponding to 
1kg of the matter of detector), t = 86400s, Ei is the binding energy of Na-OHe system and tiq — 3 ■ IQ^'^'S^^ cmT^ 
is the local density of O-helium dark matter near the Earth. The value of C, should be compared with the integrated 
over energy bins signals in DAMA/Nal and DAMA/LIBRA experiments and the result of these experiments can be 
reproduced for E^a = 3keV. The account for energy resolution in DAMA experiments [40] can explain the observed 
energy distribution of the signal from monochromatic photon (with E^a = 3 keV) emitted in OHe radiative capture. 

At the corresponding values of /i and there is no binding of OHe with iodine and thallium. 

It should be noted that the results of DAMA experiment exhibit also absence of annual modulations at the energy 
of MeV-tens MeV. Energy release in this range should take place, if OHe-nucleus system comes to the deep level 
inside the nucleus (in the region I of Fig. 1). This transition implies tunneling through dipole Coulomb baiTier and is 
suppressed below the experimental limits. 



OHe radiative capture by other nuclei 



The important qualitative feature of the presented solution is the restricted range of intermediate nuclei, in which the 
OHe-nucleus state beyond nuclei is possible. For the chosen range of nuclear parameters, reproducing the results of 



TABLE 1. Effects of OHe in pure silicon cryogenic detector in the 
case m for nuclear Yukawa potential U-jm, averaged over the orbit of 
He in OHe [37]. 
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TABLE 2. Effects of OHe in pure silicon cryogenic detector for the 
case of the nuclear Yukawa potential Z/sj with the position of He most 
close to the nucleus [37]. 
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DAMA/Nal and DAMA/LIBRA, we can calculate the binding energy of OHe-nucleus states in nuclei, corresponding 
to chemical composition of set-ups in other experiments. It turns out that there are no such states for hght and heavy 
nuclei. In the case of nuclear Yukawa potential U$b, corresponding to the position of He most close to the nucleus at 
p = ro, the range of nuclei with bound states with OHe corresponds to the part of periodic table between B and Ti. 
This result is stable independent on the used scheme of numerical calculations. In the case of potential U^m, averaged 
over the orbit of He in OHe, there are no OHe bound states with nuclei, lighter than Be and heavier than Ti. However, 
the results are very sensitive to the numerical factors of calculations and the existence of OHe-Ge and OHe-Ga bound 
states at a narrow window of parameters ji and turns to be strongly dependent on these factors so that change in 
numbers smaller than 1% can give qualitatively different result for Ge and Ga. Both for the cases (b) and (m) there is 
a stable conclusion that there are no OHe-nucleus bound states with Xe, I and TI. 

For the experimentally preferred value do — 1. 2/ (200 Me V) the results of calculation of the binding energy of 
OHe-nucleus systems for carbon, oxygen, fluorine, argon, silicon, aluminium and chlorine are presented on Fig. 3 for 
the case of the nuclear Yukawa potential U^h (upper figure) and Usm (lower figure). The difference in these results 
demonstrates their high sensitivity to the choice of parameters. For the parameters, reproducing results of DAMA 
experiment the predicted energy level of OHe-silicon bound state is generally beyond the range 2-6 keV, being in the 
most cases in the range of 30-40 keV or 90-1 10 keV by absolute value. It makes elusive a possibility to test DAMA 
results by search for ionization signal in the same range 2-6 keV in other set-ups with content that differs from Na and 
I. Even in the extreme case (m) of ionization signal in the range 2-6 keV our approach naturally predicts its suppression 
in accordance with the results of CDMS [43]. 

It should be noted that strong sensitivity of the existence of the OHe-Ge bound state to the values of numerical 
factors [37] doesn't exclude such state for some window of nuclear physics parameters. The corresponding binding 
energy would be about 450-460 keV, what proves the above statement even in that case. 

Since OHe capture rate is proportional to the temperature, it looks Uke it is suppressed in cryogenic detectors by a 
factor of order 10^^. However, for the size of cryogenic devices less, than few tens meters, OHe gas in them has the 
thermal velocity of the surrounding matter and the suppression relative to room temperature is only ^ niA/nio- Then 
the rate of OHe radiative capture in cryogenic detectors is givenby Eq.(15), in which room temperature T is multiplied 
by factor mA/mg, and the ionization signal (measured in counts per day per kg, cpd/kg) is given by Eq.(16) with the 
same correction for T supplemented by additional factors 2Vh/VE and (A/ +At^a)/Ai, where i denotes Si. To illustrate 
possible effects of OHe in various cryogenic detectors we give in Tables 1 and 2 energy release, radiative capture rate 
and counts per day per kg for the pure sihcon for the preferred values of nuclear parameters. 





FIGURE 3. Energy levels in OHe bound system with carbon, oxygen, fluorine, argon, silicon, aluminium and chlorine for the 
case of the nuclear Yukawa potential U^h (upper figure) and U^m (lower figure). The predictions are given for the range of / jl^ 
determined in [42] from parametrization of the relativistic (a — co) model for nuclear matter. The preferred values of / p?' are 
indicated by the corresponding marks (squares or circles). 



CONCLUSIONS 

To be present in the modern Universe, dark matter should survive to the present time. It assumes a conservation law 
for dark matter particles, what implies these particles to possess some new fundamental symmetry and corresponding 
conserved charge. If particles possess new gauge U(l) symmetry, they can bind by the corresponding Coulomb-like 
interaction in dark atoms, emitting dark U(l) photons. Here, we have studied a possibility that dark matter particles 
possess ordinary electric charge and are bound in dark atoms by ordinary Coulomb interaction. However restricted, this 
possibility is not excluded by observations. The existence of heavy stable charged particles may not only be compatible 
with the experimental constraints but can even lead to composite dark matter scenario of nuclear interacting Warmer 
than Cold Dark Matter. This new form of dark matter can provide explanation of excess of positron annihilation line 
radiation, observed by INTEGRAL in the galactic bulge. 



In the first three minutes primordial stable particles with charge -2 are bound with helium so that their specific 
features are shielded by a nuclear interacting helium shell that determines their successive evolution in the form of dark 
OHe atoms. Detailed analysis of this evolution implies development of OHe nuclear physics that is now under way. Its 
first results indicate that OHe experiences dominantly elastic collisions with the matter and that its inelastic colUsions 
with capture inside nuclei are strongly suppressed. It provides qualitative proof of earUer guess that formation of 
anomalous isotopes due to OHe capture is within the experimental upper limits. 

Destruction of OHe, e.g. by cosmic rays or in SN explosions gives rise to free X , but relative amount of such free 
X as compared with those bound in OHe is at least by factor lO' smaller in the Galaxy and their penetration in the Solar 
System is hindered by the Solar wind. We qualitatively expect existence of an X component of cosmic rays, but of 
course we need more studies to check other possible signatures of free X. The search for stable -2 charge component of 
cosmic rays is challenging for PAMELA and AMS02 experiments. Decays of heavy charged constituents of composite 
dark matter can provide explanation for anomalies in spectra of cosmic high energy positrons and electrons, observed 
by PAMELA, FERMI and ATIC. 

In the surrounding terrestrial matter OHe concentration is regulated by the equilibrium between the down streaming 
diffusion to the center of the Earth and the incoming cosmic flux. As it follows from Eq. (7) this averaged equilibrium 
concentration is of the order of few species per cm^. Effects of these species in the matter need, certainly, special 
studies but in the first approximation it seems that OHe signatures in the underground experiments, discussed in the 
present paper, provide their most sensitive probe. 

In the context of our approach search for heavy stable charged quarks and leptons at LHC acquires the significance 
of experimental probe for components of cosmological composite dark matter. Accelerator test for composite X 
can be only indirect: in the lack of possibiUty of direct search for triple heavy quark or antiquark states it is possible 
to search for heavy hadrons, composed of single U or U and light quarks. One can analyze mass spectrum of these 
hadrons and find the correlations, by which they can be in principle detected and discriminated from other similar 
particles, like R-hadrons. 

The way to search for AC leptons and techniparticles looks much more straightforward. The set of experimental 
signatures for these particles can provide their clear distinction from other hypothetical exotic particles. 

The results of dark matter search in experiments DAMA/Nal and DAMA/LIBRA can be explained in the framework 
of our scenario without contradiction with the results of other groups. This scenario can be realized in different frame- 
works, in particular, in the extensions of Standard Model, based on the approach of almost commutative geometry, in 
the model of stable quarks of 4th generation that can be naturally embedded in the heterotic superstring phenomenol- 
ogy, in the models of stable technileptons and/or techniquarks, following from Minimal Walking Technicolor model or 
in the approach unifying spin and charges. Our approach contains distinct features, by which the present explanation 
can be distinguished from other recent approaches to this problem [44] (see also for review and more references in 
[45]). 

The proposed explanation is based on the mechanism of low energy binding of OHe with nuclei. Within the 
uncertainty of nuclear physics parameters there exists a range at which OHe binding energy with sodium is in the 
interval 2-4 keV. Radiative capture of OHe to this bound state leads to the corresponding energy release observed as 
an ionization signal in DAMA detector. 

OHe concentration in the matter of underground detectors is determined by the equiUbrium between the incoming 
cosmic flux of OHe and diffusion towards the center of Earth. It is rapidly adjusted and follows the change in this 
flux with the relaxation time of few minutes. Therefore the rate of radiative capture of OHe should experience annual 
modulations reflected in annual modulations of the ionization signal from these reactions. 

An inevitable consequence of the proposed explanation is appearance in the matter of DAMA/Nal or DAMA/LIBRA 
detector anomalous superheavy isotopes of sodium, having the mass roughly by m,) larger, than ordinary isotopes of 
these elements. If the atoms of these anomalous isotopes are not completely ionized, their mobility is determined 
by atomic cross sections and becomes about 9 orders of magnitude smaller, than for O-helium. It provides their 
conservation in the matter of detector. Therefore mass-spectroscopic analysis of this matter can provide additional test 
for the O-helium nature of DAMA signal. Methods of such analysis should take into account the fragile nature of 
OHe-Na bound states, since their binding energy is only few keV. 

With the account for high sensitivity of the numerical results to the values of nuclear parameters and for the approx- 
imations, made in the calculations, the presented results can be considered only as an illustration of the possibility to 
explain puzzles of dark matter search in the framework of composite dark matter scenario. An interesting feature of 
this explanation is a conclusion that the ionization signal expected in detectors with the content, different from Nal, 
can be dominantly in the energy range beyond 2-6 keV. Moreover, it can be absent in detectors, containing heavy 
nuclei (e.g. xenon). Therefore test of results of DAMA/Nal and DAMA/LIBRA experiments by other experimental 



groups can become a very nontrivial task. 

Our results show that the ionization signal, detected by DAMA, may be absent in detectors containing light elements. 
In particular, there is predicted no low-energy binding of OHe with ^He and correspondingly no ionization signal in 
keV range in the designed ^He dark matter detectors. Therefore development of experimental methods of dark matter 
detection will extend the possibilities to test hypothesis of composite dark matter. 

It is interesting to note that in the framework of our approach positive result of experimental search for WIMPs by 
effect of their nuclear recoil would be a signature for a multicomponent nature of dark matter. Such OHe+WIMPs 
multicomponent dark matter scenarios naturally follow from AC model [13] and can be realized in models of Walking 
technicolor [18]. 

The presented approach sheds new light on the physical nature of dark matter. Specific properties of composite 
dark matter and its constituents are challenging for their experimental search. OHe interaction with matter is an 
important aspect of these studies. In this context positive result of DAMA/Nal and DAMA/LIBRA experiments may 
be a signature for exciting phenomena of O-helium nuclear physics. 
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